Abstract-1-Thirty-eight laboratories of the EU Member States, representing government, manufacturers of personal samplers, industrial and university laboratories have participated in a quality assurance scheme which allows to evaluate errors associated with both the sampling and analytical step of personal sampling methods. State-of-the-art bias, within and between laboratory coefficients of variation for pumped and diffusive methods currently applied are discussed. The data enable verification of compliance of the method-laboratory combinations with EN 482 and quantification of errors, in specific related to the sampling step. The merits of the project regarding improved procedures and results are discussed in detail.!© 1997 British Occupational Hygiene Society. Published by
INTRODUCTION
Aromatic and chlorinated hydrocarbons occur frequently as vapour in occupational environments. The toxic effects of inhalation, health complaints after exposure and epidemiologic studies have led worldwide to the establishment of limit values for a wide range of compounds. Exposure concentrations are determined by means of personal sampling methods, designed to measure close to the breathing zone. Most personal sampling devices basically consist of a solid sorbent to trap the vapours by means of pumped or diffusive sampling; the analytical step involves a solvent or thermal desorption injection technique followed by a quantitative GC analysis.
In a struggle to improve quality and for more accurate quantitative measurements, several proficiency testing schemes were initiated, but these evaluated only the analytical step of the overall measurement procedure. An effective control with personal sampling methods requires a very accurate sampling and identification step as well. In real measurement situations, many other effects not assessed in the conventional quality assurance schemes, such as sampling volume, flow rate, duration of sampling, humidity level, type of pump, method of flow measurement, handling and storage of samples, may contribute to the overall accuracy and precision of a measurement procedure.
In order to fulfil this need for information and quality control on the overall error of personal sampling methods, the BCR programme (until 1992) and the Measurements and Testing programme (since 1992) of the European Commission funded a project to improve, compare and evaluate personal sampling methods for a ' Author to whom correspondence should be addressed.
representative range of organic vapours. The basic idea was to evaluate and quantify errors of both the sampling and analytical step (overall measurement procedure) by performing measurements on synthetic workplace air in a laboratory installation, simulating as closely as possible daily workplace situations.
Participation was on a voluntary basis and limited to a maximum of 30 laboratories per intercomparison. All sampling exercises are organised at the coordinators' institute (VITO, Mol) where a purpose-built facility is available.
CONCEPT OF SAMPLING INTERCOMPARISONS

Facility for preparation and distribution of standard vapour atmospheres
A first challenge consisted of the gas phase generation of the selected analytes, as well as of the construction of a purpose-built facility, in order to make available to the participants very precisely controlled standard atmospheres and known concentration levels traceable to a primary standard. The generation of such known concentrations of aromatic and chlorinated hydrocarbons was accomplished by means of dosing devices. These so-called capillary dosage units are equipped with on-line weight sensors (Goelen et al., 1992) .
A capillary dosage unit allows the injection of substances which are liquid at room temperature, as a vapour in a carrier gas stream. The uncertainty on the calculated value of standard atmospheres prepared in such a manner is determined experimentally and does not exceed 3%.
The concentration of the prepared gas mixture is constant in time and space and known at any time during the injection process by processing the amount of liquid injected and by measuring the total carrier gas flow. For sampling purposes, the synthetic workplace air is distributed through a glass distribution manifold of 40 mm glass tubing, downstream of which there are 33 sampling points for pumped sampling and three exposure chambers each with different dimensions for diffusive sampling. Usual carrier gas flows are 200-300 1 min"
1 . The facility is operated with constant carrier gas flows and installed in a temperature-controlled room of 140 m 3 . The total length of the air distribution manifold is 46 m.
Each analyte in the standard atmosphere is, during a sampling exercise, periodically determined by GC-FID equipped with a gas sampling valve. Typical homogeneity and stability measurements indicate a relative standard deviation for periods up to 8 h between 0.5 and 1.5%.
Design and set up of sampling exercises
Each participant brings their own sampling equipment to the exercise, takes samples during a 2-3 day sampling exercise, and takes them to their own laboratory for analysis. A sampling exercise consists of 4-8 runs; a run is a period of time (typically between 2 and 8 h) in which the concentration of the selected analytes remains constant. Based on EN 482 (CEN, 1994) , it was requested to take a minimum of six samples per run (simultaneous or successive). Participants may test any sampling system they wish; the analysis may be performed by solvent desorption or thermal desorption techniques. The intention is for each participant to determine the observed value of the delivered standard atmosphere concentration using known calibrated sampling flows of pumps or known diffusion rates, and comparing this observed value with the VITO's reference value. It was found to be absolutely imperative that each participant use their own methodology, in order to cover a broad range of experimental conditions. The implementation of corrective measures, possibly evolving from these intercomparisons, always remained the responsibility of each individual participant.
The analytes and concentration levels present in a sampling exercise are detailed at the bottom of Figs 1-3. The concentration levels are typically set at a value between 0.5 x and 2x the Limit Value. A sampling exercise is composed of several runs, the variables in these runs include besides the analytes and concentration levels also the duration of each run (typically 2-8 h), the water vapour content of the carrier gas (typically 20-80% relative humidity at laboratory conditions) and interfering compounds.
The sampling exercises in Table 1 have been organised. A list of participants is given in the acknowledgements. Each laboratory participating in one or more exercises was randomly assigned a numerical code. These codes are used when tabulating the results.
OVERALL PERFORMANCE OF PARTICIPATING LABORATORIES IN SAMPLING EXERCISES
Experimental results and practical arrangements
Thirty-eight laboratories from 13 European Member States participated in one or more exercises.
Each laboratory received prior to the sampling exercises information regarding the analytes, the composition of each run and the order of magnitude of the concentration level(s).
There was no limitation either on the type of sampler or on the number of sorbents, the number of samples (minimum six) per run and the type of sampling technique (pumped or diffusive). The analysis in the home laboratory had to be performed following the usual methodology for calibration and integration as well as the usual procedures and figures for desorption efficiency and uptake rates. The first exercise on aromatic hydrocarbons ( Fig. 1 ; seven runs) contained some 'easy' runs in which only one or two analytes were present; this would provide the best state of the art for accuracy and precision of currently used measurement techniques. The second exercise (Fig. 2) was composed of runs where minimum four analytes (except run 4) were simultaneously present. The same strategy was followed in the March 1994 (Fig. 3) exercise for chlorinated hydrocarbons.
The concept of these sampling exercises was quite original and definitely the first opportunity to gather simultaneously data from a substantial number of laboratories related to the accuracy and precision of the overall measurement procedure. It is therefore imperative to present first the figures illustrating this overall performance (sampling and analytical step).
Figures 1-3 illustrate the performance of laboratories per compound, per run and sampling exercise in relation to the accuracy (bias within 10% of the accepted true value) and precision (within laboratory coefficient of variation smaller than 5%). The horizontal axis contains, grouped per run, the accepted true value and the related analytes as well as the humidity level, indication of interferents, fluctuating concentrations and the duration of each run.The term 'number of results' (vertical line) refers to the number of mean values of each laboratory; the mean value of a laboratory for a compound is the result of (minimum) six replicate samples (successively or simultaneously) per run.
Discussion
Without differentiation between method-laboratory combinations, Figs 1-3 illustrate that, as a whole, the variation of bias obtained in sampling exercises is not only a function of the type of analyte but is also affected by the concentration levels, the number of analytes in the mixture, the presence of humidity and also the sampling time, which limits the sampled volume. Despite the simplicity of the analytical procedure for most of these analytes, it would not be logical to ignore this part of the procedure. Figure 1 shows that 58% of all mean values (average of seven runs) are within an interval of 10% around the target value. The accuracy of the measurements has decreased in a number of laboratories in the following cases: (a) for low levels of benzene (run 5, run 6); (b) fluctuating concentration levels and high relative humidity (run 6).
This conclusion for the aromatic hydrocarbons is confirmed by Fig. 2 . Notice that the results for aromatic hydrocarbons have already improved significantly. Approximately 70% of the results were correct within 10%, except for low benzene levels and for styrene (only 40-50%). The number of results within 10% increased after one exercise respectively for toluene and w-xylene by 13 and 9% up to 71 and 69%. For the chlorinated hydrocarbons, it is mainly dichloromethane which falls out of the expected performance range. In cases with high relative humidity, there seems to be a significant measurement problem for this compound (Fig. 2, run 5 ; Fig. 3, run 1 ). The exercise of March 1994 (Fig. 3) showed that the performance for chlorinated hydrocarbons in general was fairly good; 66% of the results were correct within 10% bias. Compounds like 1,1,1-trichloroethane, trichloroethene and tetrachloroethene have typically between 70 and 80%, 70 and 80% and 60 and 70% of the results within the 10% bias criterium. Compounds like dichloromethane, trichloromethane and 1,2-dichloroethane have a score between 50 and 60% which is, most likely for dichloromethane and 1,2-dichloroethane due to the lower breakthrough capacity of sorbents for these compounds, which is on charcoal, typically a factor of 2-3 lower than for the other chlorinated compounds under study. The within-laboratory standard deviation fulfils for 70-80% of the results the criterion coefficient of variation < 5%. The number of laboratories with a high within-laboratory standard deviation increases mainly in sampling situations where a less accurate result is obtained.
Following the approach of a combined accuracy and precision evaluation for all sampling situations, it is likely to classify these into 'easy' and 'difficult' cases. 
SAMPLING TECHNIQUES VERSUS ACCURACY AND PRECISION
General information and experimental results
The following abbreviations are applied throughout the text and figures to differentiate between sampling methods: A = active sampling, D = diffusive sampling, Dl = stainless steel tube type of diffusive sampler (length 89 mm, diameter 6.35 mm) for analysis after thermal desorption, D2 = glass tube type of diffusive sampler filled with activated coconut charcoal (length 28 mm, diameter 10 mm), D3 = badge-type of diffusive sampler containing a charcoal disk with a diameter of 31 mm and polypropylene diffusion barrier, D4 = home-made diffusive sampler, D5 = badge type of diffusive sampler refillable with a variety of appropriate sorbents and equipped with a diffusion screen. -C = on charcoal (activated coconut charcoal), -G = on graphitised charcoal, -T = on Tenax TA, -6 = on Chromosorb 106, -2 = on Chromosorb 102, -T2 = on graphitised Tenax, -747 = on synthetic charcoal, -O2 = on carbon molecular sieve, -T6 = multisorbent combination of Tenax TA and Chromosorb 106.
Besides the way of sampling (A or D) and the type of sorbent, typical variables between laboratories and related to the sampling method are: pump type and calibration; stability of pump flow; sampled volume; sample handling; shipping and storage (temperature limitations exceeded, cross contamination during storage, excessive storage interval resulting in decomposition and/or degradation); uptake rate; back diffusion. 
The way of sampling and the sorbents used throughout the three exercises is summarised in Table 2. A majority of the participants (75%) prefers pumped sampling over activated coconut charcoal as the method of their first choice. One third applies also diffusive sampling. A few laboratories try an alternative for coconut charcoal. A minority (27%) has used sorbents suitable for analysis by thermal desorption.
Figures 10 and 11 summarise for two exercises (I, II) the trueness (number of method-laboratory combinations with a bias < 10%) and precision (number of method-laboratory combinations with a within-laboratory standard deviation < 5%) per sampling technique; the between laboratory standard deviation is shown in Figs 12 and 13 (exercise II and III). A detailed analysis of these figures is given in the following discussion.
Pumped sampling over activated charcoal and analysis after solvent desorption
This technique (A-C) is most widely used and leads to excellent results. However some sampling situations clearly increase the bias. The effect is demonstrated for the following situations on their own; a combination of all three (a, b, c) makes it more apparent: (a) high and low concentrations are simultaneously present (the sampling volume is limited by the high concentration), for example low benzene concentration together with high concentrations of other aromatic hydrocarbons; (b) some components in the mixture have a fluctuating concentration (the sampling volume is determined by the minimum flow rate and the sampling time). A fluctuating concentration (run 5-I-benzene, run 6-I-toluene) obliges participants to sample during the whole run as it is not announced when the compound is present; (c) multi-component mixtures versus one component on its own. Table 3 is a selection of data from Fig. 10 . Benzene in run 5 and 6, but also toluene in runs 6 and 7 illustrate the effect. The problems associated with low concentrations of benzene were confirmed in the second exercise (Fig. 11) .
On the other hand, the excellent results of the method were certain. 83% of the measurements for benzene at ppm level, toluene and w-xylene were within the 10% bias interval. For low levels of benzene and styrene only about 50% of the results fulfilled this criterion. In addition to the reasons mentioned earlier, participants pointed out that the desorption solvent carbon disulphide, containing low amounts of benzene, can contribute to analytical errors in the calibration. Moreover, the determination of very low quantities often involves extrapolation of the calibration curve. Some participants also reported a dependence of desorption efficiency from activated charcoal in function of the sorbed amounts. The fact that styrene showed unsatisfactory results independent of the sampling conditions, points at a systematic error related to the analytical procedure or sample storage. Reasons mentioned were: (a) recovery decreases after storage, (b) the desorption efficiency is strongly dependent upon amounts adsorbed and difficult to determine. One participant advised separation of charcoal from the solvent after 10 min.
The excellent results of this personal sampling technique for chlorinated hydrocarbons are illustrated in Fig. 11 . For 1,1,1 trichloroethane, trichloroethene, tetrachloroethene, trichloromethane and 1,2 dichloroethane between 78 and 95% of the measurements were within the 10% accuracy interval and about 85% of all within laboratory standard deviations were smaller than 5%. The between laboratory standard deviation was systematically the smallest of all sampling techniques (triangle Figs 12 and 13 ). An important effect, shown in Fig. 7 , concerned dichloromethane measurements in the presence of high relative humidity.
Usually, results lower than the reference value were found. A detailed investigation of the data revealed that breakthrough during sampling over charcoal occurred and led to a result with only 50% of the data within the 10% accuracy criterion. The within-laboratory standard deviaton increased at the same time.
Bearing in mind the important increase in complexity of exercise III as compared to exercise II, Table 4 shows the improved data set for dichloromethane. In run 4 (III), were the influence of breakthrough was expected to be of overriding importance (83.8 ppm dichloromethane, 79% relative humidity), each lab (except lab 1) reduced the sampling volume substantially as compared to the other runs (from 5-10 to 2-5 1.)
For compounds with low breakthrough volume, the influence of the sampling volume on the overall result is demonstrated in Fig. 14. E. Goelen et at. 
Pumped sampling over sorbents suitable for analysis by thermal desorption
A wide range of sorbents were applied throughout the three sampling exercises. Besides Tenax and Chromosorb 106, there was also graphitised charcoal (Carbotrap), carbon molecular sieve (Anasorb) and graphitised Tenax. Table 2 illustrates that only a minority of the participants used this method; moreover it was usually not the technique of their preference, except for three laboratories: laboratories number 6, 11 and 17.
About the Tenax results in the aromatic hydrocarbon exercises (the sorbent was not used in the chlorinated hydrocarbon exercises), out of four users in exercise I only laboratory no. 6 really applied it frequently in the workplace, while others were in fact trying out the technique in view of possible future use. Of the mean of means, 45% had a bias of more than 10% from the accepted true value (derived from Fig.  10 ). The results for Tenax are more scattered than for charcoal, and the withinlaboratory standard deviation was somewhat larger (Fig. 10 , runs 3-6), which is explained by the lack of experience of the users with this specific technique. Laboratory no. 6 indeed nearly systematically obtained quite good results. 6 is experienced with the method; laboratories 18 and 19 obtain also systematically low results and high within-laboratory standard deviations for their charcoal tubes. The reason for the low results is likely due to a calibration error, either of the pumps or of the analytical apparatus. The same conclusion for the graphitised charcoal users: laboratory 15 is more experienced with solvent desorption; the low results of laboratory 10 with graphitised charcoal can be ascribed to an inadequate sampling time.
The results for Chromosorb 106 were in about 90% of all cases within 10% from the true value in the first aromatic hydrocarbons exercise and showed a small withinlaboratory standard deviation. Both users, laboratories 11 and 17, are applying the method for routine workplace air measurements, which explains the better results of Chomosorb 106 as compared to Tenax and graphitised charcoal.
The limited use of recently available sorbents, for which only a few validation data are published, is logical as laboratories tried to use their best (validated) method. Anasorb CMS and Tenax GR are each only applied by one laboratory in one exercise.
Diffusive sampling
Participants applied diffusive sampling mainly in combination with an active sampling technique. The tube type of diffusive samplers (Dl type) filled with sorbents for analysis by thermal desorption were exposed in a glass chamber, length = 30 cm and diameter = 15 cm, with an air velocity of 1.5-3 cm s~'; round flat diffusive samplers (D3 and D5 type) in a chamber, length = 40 cm, diameter = 10 cm, with an air velocity of approximately 30 cm s" 1 and tube type diffusive samplers (D2 type) filled with activated charcoal were in exercises I and II exposed in the Dl chamber, however later in a separate chamber, length 40 cm and diameter 10 cm, by an air velocity of 10-12 cms" 1 . Care was taken to avoid depletion of the concentration level in the chambers. Pumped and diffusive sampling was started simultaneously and all sampling techniques were exposed to the same synthetic workplace air.
Figures 12 and 13 illustrate that for aromatic and chlorinated hydrocarbons in, respectively, 65 and 82% of all cases, the results obtained with diffusive sampling methods are more scattered than those for pumped sampling methods. This is quite surprising since the pump variations are eliminated in diffusive sampling methods. A more detailed investigation shows that important differences arise between laboratories and that diffusive sampling is not yet common practice. However, in the cases of laboratories experienced with the technique and applying it in cases where sufficient uptake rate data, diffusion coefficient data and analytical methods exist, the results are fully comparable to pumped sampling methods. A student /-test applied on the data of exercise I and II and comparing the set of data obtained by active and diffusive sampling, accepts the hypothesis that both data sets belong to the same population at the significance level of a = 0.01. Often the mean value of all diffusive data (per run and per compound) was lower, which is fully explained by the systematic underestimation of the known value for one type of diffusive samplers. This phenomenon is discussed and explained later in the text.
Tube type of diffusive samplers filled with sorbents suitable for analysis by thermal desorption (Dl)
Throughout the three exercises, two to five laboratories have applied this technique, mainly following a standard method regarding the determination of organic vapours in air (ISO, 1989) . Method-laboratory combinations and corresponding laboratory numbers are illustrated in Table 5 .
Laboratories 11 and 17 have used Chromosorb 106 both for pumped and diffusive sampling. The results for both techniques agreed quite well. For Dl-6, 66% of the results were within 10% from the target value, for the A-6 technique it was 91%. The within-laboratory standard deviation was for both techniques of the same order of magnitude.
In exercise II (Fig. 11) the results for benzene, toluene and m-xylene were excellent in run 1 (85% within the 10% accuracy limits), but poor in run 3 (only 36%). Thermal desorption leads to measurement difficulties for the same analytes as the A-C technique; decreasing accuracy for benzene at low concentration levels and dichloromethane. Participants pointed out some potential reasons to explain these results: (a) insufficiently validated uptake rate data; (b) the stability of some analytes on porous polymer sorbents is poor (for example dichloromethane on Tenax); (c) analysis of both high and low amounts on the same tube on one GC sensitivity range-there is no possibility to perform the analysis of one and the same tube on two sensitivity ranges. Table 6 shows the decreasing accuracy for benzene measurements at low concentration levels.
An example of improvements through sampling exercises is most clearly illustrated for chlorinated hydrocarbons. Exercise III showed much better results for the Dl technique as compared to the data set for chlorinated hydrocarbons in exercise II. Participants mentioned that in fact they had used in exercise III the data of exercise II to calculate the previously not-well-known uptake rates. This resulted in a 15% increase of the number of data within 10% around the target value (from 42 to 57%), at least when excluding from exercise III the chlorinated hydrocarbons included for the first time (trichloromethane and 1,2-dichloroethane). These chlorinated hydrocarbons showed inconsistent results, which were due to a lack of experimentally determined uptake rates. Notice the substantial improvements for the dichloromethane data set (Fig. 7 versus Fig. 8 ). An example of a new compound for which the technique did not performed well is 1,2-dichloroethane. The theoretical uptake rates (based on sampler geometry and diffusion coefficient) do not always seem to provide correct data. One laboratory therefore turned the exercise upside down and used its analytical data and the reference value to determine the experimental uptake rate. These data have been published in the Diffusive Monitor (Wright, 1993) . Provided that these experimental uptake rates are used, excellent results were obtained with the Dl method. Figure 12 illustrates that the data set for D2-C is one of the most scattered out of all techniques. This fact in combination with a high number of participants with a within laboratory coefficient of variation smaller than 5% (Figs 10 and 11) points at errors. Up to seven laboratories have used this method, usually in combination with pumped sampling over charcoal: laboratory numbers 4, 5, 8, 13, 14, 21 and 23. In the first two sampling exercises only 23% of the results were within the 10% accuracy interval, a majority of the other results being between 10 and 20% too low, while the within-laboratory standard deviation was comparable to other methods. Most users found lower results as compared to their pumped samples. These persistent problems received much attention. The data were moreover in conflict with field experiments where active samplers and D2-C type of diffusive samplers yielded nicely comparable results. The exposure chamber was the one which also contained the Dl samplers, and these did not show the same problems. In addition GC measurements at the vent side of the exposure chamber proved that the concentration in the chamber was equal to the concentration, within the 3% uncertainty interval, at other sampling points of the distribution manifold.
Diffusive sampling on charcoal (tube type sampler) and analysis after solvent desorption (D2)
A joint study between coordinator and manufacturer revealed that the systematically lower results could be explained as follows: -5% to 10% of the discrepancy between known and measured values are explained by the air velocity through the chamber which was between 1.5 cm s~' (exercise I) and 3 cm s~' (exercise II); it should have been at least 10 cm s -1 to obtain reliable results; -less than 5% discrepancy is caused by the distance between the samplers; the distance should indeed be sufficient to prevent local depletion of concentration around the samplers. The original distance between samplers in the exposure chamber was 1.5 cm, whereas it should have been 3 cm. Other factors that affect the performance for this technique are: the analytically determined mass of sorbed analyte on the tube, the sampler constant (diffusion area and diffusion path) and the diffusion coefficient (Goelen and Geyskens, 1995) of the analytes in air.
The results for the sampler in exercise III (benzene and chlorinated hydrocarbons) in the new exposure chamber with an air velocity of 12 cm s ~' and mounted on racks which stimulate more the turbulent flow around the Bias (%) Fig. 15 . Comparison of the accuracy of benzene measurements in exercise II and III for laboratories applying both pumped and diffusive sampling over charcoal.
adsorption part of the sampler indeed did not any more show these systematically lower results for all compounds. The improvements for, for example, benzene are clearly demonstrated by comparing the data set of all laboratories in exercises II and III (Fig. 15) . The systematically lower results as compared to pumped sampling are not present anymore, although only a limited number of data are available in exercise III. A detailed investigation still showed that for some chlorinated hydrocarbons the measured value is lower as compared to pumped sampling over charcoal (laboratories 13 and 23). A revision of the diffusion coefficients for some chlorinated hydrocarbons might be relevant. Also the Dl type of diffusion sampler revealed that for some compounds the theoretically calculated uptake rate was deviating from the experimental uptake rate. The performance of the tube type (charcoal based) diffusive sampler can be improved and will be excellent when verifying experimentally the theoretical calculated uptake rates.
Diffusive sampling on charcoal (round flat sampler) and analysis after solvent desorption (D3)
Throughout three sampling exercises one to seven laboratories have used this technique (D3-C), and always in combination with pumped sampling over charcoal. Laboratory numbers 4, 14 (exercise I); numbers 2, 3, 4, 5, 14, 21, 29 (exercise II); and number 35 (exercise III). As a whole, the results for benzene, toluene and w-xylene: 76% within 10% from the target value and for 1,1,1 trichloroethane, trichlorethene and tetrachloroethene: 90% within the 10% limit were very accurate and comparable to the A-C data of the laboratories. These data are illustrated for selected runs in Fig. 11 . Notice the low coefficient of variation in Fig. 12 . For these method-laboratory combinations, no systematically poorer results for benzene at ppb level were observed. The within-laboratory standard deviation was to a much larger extent than for the other method-laboratory combinations smaller than 5% (Fig. 11) . On the other hand it is clear that, for styrene and dichloromethane, a large number of method-laboratory combinations show results systematically far from the accepted true value. The styrene results for the D3-C technique are usually 5 to 20% above the A-C results of the same laboratories, while they are also (except for laboratory 21) systematically 9-20% above the target value. Possible explanations are mentioned previously with the discussion of the A-C data. The dichloromethane results are influenced by the humidity level. A closer investigation is summarised in Table 7 . In case of a low relative humidity, the dichloromethane results (Table 7 , run 4) for D3-C and A-C are in agreement, but slightly lower than the true value. The difference between both data sets (D3-C and A-C) becomes significant in the case of a high relative humidity (Table 7 , run 5). The pumped sampling technique allows a smaller sampling volume (laboratories 21 and 25 did not) but the charcoal layer of the diffusive sampler is suffering from breakthrough. This is known by the manufacturer, and use of a back-up charcoal layer is suggested (3M, 1992) . The back-up section was however only applied by one participant (laboratory 5), but the results did not allow a final conclusion.
Other diffusive sampling techniques (D4, D5)
Three laboratories have each introduced a home-made diffusive sampler, not yet commercially available. In fact, the reference atmosphere was used to cross-check the overall performance and validate uptake rates for the samplers. The samplers contained charcoal as sorbent for both aromatic and chlorinated hydrocarbons. Two samplers were of the badge type (adsorption on charcoal), while one sampler was an original concept of a tube type sampler (adsorption on a variety of sorbents possible). Detailed information on the concept and characteristics of these new developments regarding diffusive sampling can be obtained through these laboratories (Cocheo et al., 1995; Delcourt et al., 1993; Perez Ballesta et al, 1993) .
The D5 type of diffusive sampler (round flat diffusive sampler) was applied in exercise III (chlorinated hydrocarbons) by laboratory 38. Coconut charcoal (-C) and synthetic charcoal (-747) were used. As the results of the laboratory were quite consistent for the pumped sampling technique but not always for the diffusive sampler, it was suggested that some of the uptake rates of the diffusive sampler might not have been validated sufficiently yet, for example dichloromethane for -C and -747, trichloroethene for -747, trichloromethane for -C and -747, 1,2 dichloroethane for -C.
COMPLIANCE OF PERSONAL SAMPLING METHODS TO EN 482
The EN 482 standard outlines general performance requirements for procedures for determining the concentrations of chemical agents in workplace air. These performance criteria include maximum values of overall uncertainty (a combination of bias and precision), that needs to be achievable under prescribed laboratory conditions, but also under a variety of environmental influences representative for workplace conditions.
It is clear that the sampling exercises, in fact simulating workplace air conditions, are a unique opportunity to calculate the relative overall uncertainty (RO{/-formula in legend Table 6 ) of the personal sampling methods used by the participating laboratories, and this for a representative range of measurement methods and environmental influences. Indeed, there is an accepted true value of concentration available for each compound in each run and a minimum of six repeated measurements were performed per measurement method (simultaneously or successively) by each laboratory. In the case of measurements for comparison with limit values, EN 482 prescribes a ROU <30% for concentration levels from 0.5x to 2x the limit value, and a ROU ^50% for a concentration level of 0.1 x to 0.5 x the limit value. Ignoring differences between techniques, laboratories and measurement methods, Table 8 presents in general the percentage of results per run and compound that do not fulfil these performance requirements (underlined figures, Table 8 ).
A majority of the runs have a small number of results (up to 10%) that do not comply with EN482. Between 10 and 20% of the results were out of the ROU criteria, most often in cases previously discussed like benzene at ppb concentration levels, styrene and dichloromethane in the presence of high relative humidities. The table moreover illustrates the improvements through sampling intercomparisons mentioned earlier for benzene (run 1 -III and 2-III versus run 2-II and 3-II) and dichloromethane (run 4-III versus run 5-II). Table 8 contains in all cases the number of results out of the 30% ROU criterion. The reason as to this approach: 70-90% of the method-laboratory combinations have a within-laboratory coefficient of variation <5%, a ROU >30% represents a bias >20%, but a ROU > 50% means already a bias >40%. Figure 16 shows the ROU distribution of method-laboratory combinations for selected runs.
Method-laboratory combinations with a ROU>30% (black area of Fig. 16 ) especially occur in the previously discussed 'difficult' sampling situations. ( 1) 28 (11) 24 (5) 21 (8) 16 (5) One way to identify additional errors made by participants in sampling exercises, as compared to a conventional proficiency testing scheme (analysis of spiked tubes or samplers), is to compare the between-laboratory standard deviation obtained in a certification exercise with those obtained in a sampling exercise. The first roundrobins of the BCR certification projects on aromatic and chlorinated hydrocarbons sorbed on activated charcoal are used as reference for the degree of inaccuracy related to the analytical part of the procedure. Figure 17 illustrates that the between-laboratory coefficient of variation in the case of analysis of spiked tubes is situated between 4 and 8%. In the case of sampling at a facility and analysis at home this coefficient of variation has increased for a majority of the runs and amounts between 6 and 20%; for compounds like benzene and dichloromethane in some runs even between 25% and 37%. The sampling exercise has introduced a number of parameters and variables which cause additional errors and these errors can not be evaluated by round-robins with spiked tubes. Except for a few sampling situations, we can roughly conclude that the additional errors are at least equal in magnitude to the error associated with the analytical step. In some cases we observe even an inaccuracy which amounts up to twice the error due to the analysis of spiked tubes. This does not necessarily mean that the additional errors are all related to the sampling step; the sampling exercises have definitely in some runs a more difficult analytical step too.
A further investigation has been done for a selection of compounds and laboratories. Laboratory numbers 2, 4, 7, 14, 20, 22 and 23 have participated in two types of intercomparisons: analysis of spiked tubes and sampling exercises. Moreover, these laboratories were selected to certify the reference material of aromatic hydrocarbons on charcoal and have participated in the sampling exercise applying the same analytical technique (GC-FID analysis after solvent desorption). A comparison of their data set for benzene and dichloromethane is shown in Table 9 . The contribution from the sampling step to the overall uncertainty is strongly dependent on the type of run and can be more important than errors related to the analytical step.
In order to check these observations and to differentiate in a specific situation between the analytical and sampling errors, laboratory numbers 5, 7 and 23 took part in a sample exchange experiment. The three laboratories used the same type of sampler (coconut charcoal) as well as analysis with GC after solvent desorption. During run 3 of exercise 3, laboratory 7 sampled in addition six samples and distributed them for analysis to laboratories 5 and 23.
In the same manner, three tubes sampled by lab 5 and 23 were distributed for analysis to lab 7. Unfortunately, one of the pumps of lab 5 showed a 13% difference of the flow measured before and after run 3, so only the data set of laboratory 7 and 23 can be compared. This is illustrated in Table 10 .
Whether laboratory 23 (Table 10 ) or laboratory 7 is chosen as reference, the data are shown to be consistent. The errors made in the sampling step are of a larger importance than the analytical errors. The discrepancy between both laboratories regarding the analytical procedure was small, except for trichloromethane. Although it has been a very limited experiment, the conclusions from Fig. 17 are confirmed.
CONCLUSION
For the first time, results from a substantial number of laboratories related to the accuracy and precision of both the sampling and analytical step of currently used Intercomparisons for aromatic and chlorinated hydrocarbons 553 personal sampling methods are published. A dedicated facility allows a limited number of participants to take part in an intercomparison which simulates as close as possible daily occupational hygiene situations. The variation of bias obtained in sampling exercises is not only a function of the type of analyte but is also affected by the concentration levels, the number of analytes in the mixture and the sampling time so far as this is related to the sampling volume. Pumped sampling over charcoal followed by GC analysis after solvent desorption was by far the most widely used method and resulted finally for 70-90% of the method-laboratory combinations in a bias < 10% from the accepted true value. The within laboratory coefficient of variation was in most cases smaller than 5%. Only in specific situations, typically for styrene, benzene at ppb level and dichloromethane in the presence of high air humidity, the method may result in an increased bias. Diffusive samplers performed well, provided that the theoretical uptake rate data in use are verified experimentally and replaced when found incorrect.
The calculated relative overall uncertainties (EN 482) have shown to comply for 80-90% of all method-laboratory combinations to the minimum performance criteria. Moreover the ROU data have shown to be a good indicator for the degree of complexity of a sampling situation. A number of errors in specific related to the sampling step were quantified and showed to contribute in some cases more to the overall error than those associated to the analytical step. 
